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Edited by Peter BrzezinskiAbstract We found that the CutA1 protein, from Pyrococcus
horikoshii (PhCutA1), has an extremely high denaturation tem-
perature (Td) of nearly 150 C, which exceeds the highest record
determined by DSC by about 30 C. To elucidate the mechanism
of the ultra-high stability of PhCutA1, we analyzed the crystal
structures of CutA1 proteins from three diﬀerent sources, P. hor-
ikoshii, Thermus thermophilus, and Escherichia coli, with diﬀer-
ent growth temperatures (98, 75, and 37 C). This analysis
revealed that the remarkably increased number of ion pairs in
the monomeric structure contributes to the stabilization of the
trimeric structure and plays an important role in enhancing the
Td, up to 150 C, for PhCutA1.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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What is the highest temperature at which the conformation
of a globular protein can be maintained? Proteins from hyper-
thermophiles, which grow preferentially at temperatures near
the boiling point of water, maintain their conformations and
express their maximum biological functions at their growth
temperatures. The crystal structures of many proteins from
hyperthermophiles have been determined, and several factors
responsible for their extreme thermostability have been pro-
posed, including increases in the number of ion pairs and
hydrogen bonds [1–5], core hydrophobicity [6], and packing
density [7], as well as the oligomerization of several subunits
[8–10], and an entropic eﬀect due to the relatively shorter sur-
face loops and peptide chains [5,7]. Protein stability arises from
a combination of many factors, with each contributing to var-
ious extents in diﬀerent proteins. It seems that there is no single*Corresponding author. Fax: +81 791 58 2917.
E-mail address: yutani@spring8.or.jp (K. Yutani).
0014-5793/$32.00  2006 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2006.06.084dominating factor, even in the case of hyperthermophilic pro-
teins [11]. Will this also be true in hyperthermophiles, which
grow at extremely high temperatures? The ratio of charged res-
idues is much higher in proteins from hyperthermophiles than
in those from other sources with lower growth temperatures
[12]. Finding a protein that has extremely high stability as
compared with the previously reported ones, might clarify
the mechanism underlying the enhanced stability.
The highest denaturation temperature (Td) directly mea-
sured for a protein, as found in the ProTherm database (Ther-
modynamic database of proteins and mutants) [13], is 121.6 C
for cytochrome c3 from Desulfovibrio vulgaris [14], and the sec-
ond highest is 120 C for the aromatic aminotransferase from
Pyrococcus horikoshii [15], as determined using DSC. We have
been performing an exhaustive study of the relationships be-
tween structures and stabilities, using hyperthermophilic pro-
teins related to structural genomics. We found that the
CutA1 protein (PhCutA1) from the hyperthermophile, P. hor-
ikoshii OT3, has an extremely high Td of nearly 150 C at pH
7.0, as determined using DSC (curve 2 of Fig. 1A). This Td ex-
ceeds the highest Td on record, described above by about
30 C. The structural analysis of this protein, with an extre-
mely high Td, may reveal the stabilization mechanism of a pro-
tein at vapor pressures and temperatures as high as 150 C,
and might lead to the development of a unifying set of rules
for hyper-thermo-stabilization. Elucidating the origin of the
considerably high stability of a protein under extreme condi-
tions will also contribute to the ﬁelds of protein engineering
and biotechnology, to design more stable proteins.
Fortunately, in the case of CutA1, the X-ray crystal struc-
tures from three sources with diﬀerent growth temperatures
(98, 75, and 37 C), from P. horikoshii (hyperthermophile),
Thermus thermophilus (extreme thermophile), and Escherichia
coli (mesophile), have been solved. The CutA1 protein was
originally identiﬁed in the cutA gene locus of E. coli, which
is involved in divalent metal tolerance [16]. The speciﬁc func-
tion of CutA1 in E. coli is still unknown. The CutA1 protein
is widely found in bacteria, plants, and animal, including hu-
mans. The mammalian CutA1 may play a role in the anchor-
ing of the enzyme acetylcholinesterase in neuronal cell
membranes [17]. In this paper, we analyzed the mechanismblished by Elsevier B.V. All rights reserved.
Fig. 1. (A) Typical excess heat capacity curves of PhCutA1 and
TtCutA1, at a scan rate of 1 C/min. Curve 1: TtCutA1 at pH 7.0. Peak
temperature was 112.7 C. Curve 2: PhCutA1 at pH 7.0. Peak temper-
ature was 148.5 C. Curve 3: PhCutA1 at pH 9.0. Peak temperature was
139.7 C. (B) Scan rate dependence of excess heat capacity curves of
PhCutA1 at pH 9.0. Curves 1, 2, and 3 represent the curves at scan rates
of 0.5, 1.0, and 1.5 C/min, respectively.
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three structures.2. Methods
The plasmid pET-11a (Novagen), which carries the gene encoding
the CutA1 protein from P. horikoshii OT3, was constructed. The pro-
tein was over-expressed in E. coli strain BL21-CodonPlus(DE3)-RIL
(Stratagene), which was grown in Luria–Bertani broth for 20 h at
37 C. After cell disruption and debris removal by centrifugation, the
supernatant was heat-treated at 90 C for 20 min. PhCutA1 was puri-
ﬁed by SuperQ TOYOPEARL 650 M (Tosoh) column chromatogra-
phy and HiLoad 16/60 Superdex 75 (Amersham Biosciences) gel
ﬁltration. CutA1 from T. thermophilus (TtCutA1) was expressed and
puriﬁed using similar methods. Both puriﬁed proteins fractionates as
a single band on SDS–PAGE. The concentrations of PhCutA1 and
TtCutA1 were estimated from the absorbance at 280 nm, assuming
E1 cm1% ¼ 28:1 and 13.7, respectively.
Diﬀerential scanning calorimetry (DSC) was carried out using a VP-
capillary DSC platform (Microcal, USA) up to 130 C and a VP-DSC/
ETR up to 150 C (Microcal, USA) at scan rates of 0.5, 1.0, and
1.5 C/min. For the measurements, the protein concentrations were
0.4–1.0 mg/ml in 50 mM potassium phosphate, pH 7.0, or 50 mM
Gly-KOH, pH 9.0, with 2 mM EDTA. All of the samples were ﬁltered
through a 0.22-lm pore size membrane after dialysis against the buﬀer
and were degassed before measurements.
The molecular mass of the protein was obtained by MALDI-TOF
MS (matrix-assisted laser desorption/ionization time-of-ﬂight mass
spectrometry, Voyager DE-PRO/Applied Biosystems) using sinapinic
acid (3,5-dimethoxy-4-hydroxycinnamic acid) as a matrix. The pro-
tein-containing solution was pretreated with a ZipTip C4 (Millipore).
To estimate the diﬀerence (DDGHP) in unfolding Gibbs energy (DG)
between the wild-type and mutant proteins due to the hydrophobic
interactions, the following equation is proposed, using structural infor-
mation such as ASA (accessible surface area) [18,19]
DDGHP ¼ 0:178DDASAnon-polar  0:013DDASApolar ð1Þ
where DDASAnon-polar and DDASApolar represent the diﬀerences in the
DASA of non-polar and polar atoms of all residues, respectively, be-
tween the wild-type and the mutant proteins upon denaturation. The
parameters of Eq. (1) have been obtained using stability/structure data-
base upon denaturation of mutant human lysozyme, on the basis of the
denaturation temperature (64.9 C) of the wild-type human lysozyme.
These parameters have been conﬁrmed to be compatible with other
proteins [19]. For the calculation of the ASA value, the carbon and sul-
fur atoms in the residues are assigned to ASAnon-polar and the nitrogen
and oxygen atoms are ASApolar. The ASA values of the native statewere calculated by the procedure of Connolly [20], using the X-ray
structures of the three CutA1 proteins. The ASA values for the dena-
tured forms were estimated using the extended structures of each pro-
tein, which were generated from the native structures using the
program Insight II.3. Results and discussion
3.1. DSC experiments of CutA1 proteins
The CutA1 protein (PhCutA1) from a hyperthermophile, P.
horikoshii OT3, which is an obligate anaerobe growing at tem-
peratures between 88 and 104 C with the optimal temperature
of 98 C, did not yield any excess heat capacity curves (dena-
turation peaks) up to 130 C, using conventional diﬀerential
scanning calorimeters such as VP-DSC or VP-Capillary DSC
(MicroCal LLC). The Td of the CutA1 protein (TtCutA1)
from T. thermophilus, which is an extremely thermophilic bac-
terium with an optimum growth temperature of 75 C, was
found to be around 113 C at pH 7.0 (curve 1 of Fig. 1A).
Since the Td of PhCutA1 is expected to be higher than that
of TtCutA1, we used a diﬀerent calorimeter, VP-DSC/ETR
(MicroCal LLC), which can heat up to 150 C. As shown in
curve 2 of Fig. 1A, the denaturation peak of PhCutA1 ap-
peared near 150 C at pH 7.0. At pH 9.0 the Td was near
140 C (curve 3 of Fig. 1A). The DSC curves in Fig. 1 were
measured at a scan rate of 1 C/min. DSC experiments were
done at diﬀerent scan rates at pH 9.0, to examine the charac-
teristics of the DSC curves near 150 C (Fig. 1B). The apparent
peak temperatures of the DSC curves decreased with slower
scan rates: peak temperatures of 139, 140, and 141 C were ob-
tained with scan rates of 0.5, 1.0, and 1.5 C/min, respectively.
This indicates that the heat denaturation of PhCutA1 did not
attain equilibrium at least at scan rates of 1.0 and 1.5 C/min
and is under kinetic control. The DSC curves are asymmetrical
and skewed toward the higher temperature sides. When a pro-
tein becomes aggregated after heat denaturation, the higher
temperature side of the DSC curves sharply decreases due to
exothermic eﬀects. In this case, the aggregation after heat
denaturation should be minimal, because constant values of
heat capacity after denaturation could be observed although
the heat capacity was lower than that before denaturation.
The second scan of the DSC curves did not reveal any excess
heat capacity at pH 7.0 and 9.0, suggesting that the heat dena-
turation is not reversible. These results indicate that the folding
of PhCutA1 is maintained near 150 C at pH 7.0, although the
DSC data are not amenable to rigorous thermodynamic anal-
yses. In order to check the state of the heat-denatured proteins
after DSC measurements up to 150 C, SDS–PAGE and mass
spectrometry analyses were performed. The SDS–PAGE elec-
trophoretic patterns of the denatured proteins were similar
to that of the intact PhCutA1 trimer, although smaller digested
components were also detected. In the mass spectrometry of
the heat-treated protein, the component with the intact molec-
ular weight was partly found. These results suggest that the
protein was partly digested after heat-denaturation. That is,
the PhCutA1 before denaturation might not yet be modiﬁed,
even at high temperatures near 150 C [21], and the observed
excess heat capacity curves originate from an endothermic
reaction of protein unfolding. The secondary structure of
PhCutA1 incubated in 8 M GuHCl for a month is reportedly
still maintained, as judged from CD data [22], and the stable
trimeric structure of the protein has been observed by
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ing for more than 1 h [23].
In the case of TtCutA1, the SDS–PAGE analysis revealed a
monomer under conditions with 0.1% SDS, suggesting that the
trimeric structure of PhCutA1 is more stable than that of
TtCutA1.Fig. 2. (A) Stereo drawing of the Ca traces of the TtCutA1 trimer
(1V6H; cyan) and the EcCutA1 trimer (1NAQ; red) superimposed with
those of the PhCutA1 trimer (1V99; blue). The ﬁgures were produced
with the program MOLSCRIPT [34]. (B) Ribbon diagrams of the
PhCutA1 monomer and trimer with secondary structure elements. In
the trimeric structure, each monomer is diﬀerently colored. The ﬁgures
were produced with the program MOLSCRIPT [34].3.2. Structural comparison of three CutA1 proteins from
diﬀerent sources
In order to elucidate the origin of the hyper-thermostability
of PhCutA1, we compared the X-ray crystal structures of
CutA1 from three sources with diﬀerent growth temperatures:
P. horikoshii (hyperthermophile), T. thermophilus (extreme
thermophile), and E. coli (mesophile). The crystal structure
of PhCutA1 is a tightly intertwined trimer, which clearly
resembles those of TtCutA1 and EcCutA1 (CutA1 from
E. coli) (Fig. 2A). The root mean square deviations of the
Ca atoms for TtCutA1 (PDB code: 1V6H) and EcCutA1
(1NAQ) [24] against PhCutA1 (1V99) were 1.08 and 1.15,
respectively, as a monomer, and 1.35 and 1.29, respectively,
as a trimer. The monomeric structure consists of three a-heli-
ces and ﬁve b-strands (Fig. 2B). The two short (b1 and b4)
and two long (b2 and b3) b-strands form a curved sheet in
an antiparallel fashion. The monomers are assembled into
the trimer through interactions between the edges of three b-
strands (Fig. 2B). Each trimer has three identical intersubunit
interfaces, in which both edges of one strand (b2) interact with
the edges of the b2 strand in the other two subunits, and one
short strand (b5) interacts with the b4 strand of a mutually dif-
ferent subunit. This tightly intertwined interaction seems to
contribute to the stabilization of the trimeric structures for
the three proteins.Table 1
Comparison of the amino acid compositions of three CutA1 proteins from diﬀerent sources
PhCutA1 TtCutA1 EcCutA1
Residues (%) Residues (%) Residues (%)
Hydrophobic 46 45.10 55 53.4 53 47.30
Gly 2 1.96 4 3.88 3 2.68
Ala 6 5.88 9 8.74 13 11.61
Val 7 6.86 13 12.62 8 7.14
Leu 10 9.80 13 12.62 18 16.07
IIe 10 9.80 6 5.83 2 1.79
Met 1 0.98 1 0.97 2 1.79
Phe 2 1.96 1 0.97 0 0.00
Trp 5 4.90 2 1.94 2 1.79
Pro 3 2.94 6 5.83 5 4.46
Neutral 9 8.80 22 21.4 29 25.90
Ser 1 0.98 2 1.94 8 7.14
Thr 5 4.90 8 7.77 10 8.93
Asn 2 1.96 3 2.91 2 1.79
Gln 0 0.00 2 1.94 6 5.36
Cys 1 0.98 1 0.97 3 2.68
Hydrophilic 47 46.10 32 31.1 30 26.80
Asp 8 7.84 2 1.94 5 4.46
Glu 16 15.69 14 13.59 9 8.04
Lys 11 10.78 5 4.85 6 5.36
His 2 1.96 2 1.94 4 3.57
Arg 6 5.88 6 5.83 1 0.89
Tyr 4 3.92 3 2.91 5 4.46
Total 102 100 103 100 112 100
Table 3
Intra-subunit ion pairs within 5 A˚ of CutA1 proteins from three
sources
Donor atoms Acceptor atoms Distance (A˚)
PhCutA1
16 LYS NZ 12 GLU OE2 4.67
19 LYS NZ 15 GLU OE1 4.34
25 ARG NH1 99 GLU OE1 3.63
25 ARG NH1 99 GLU OE2 4.40
35 HIS ND1 50 GLU OE1 4.82
36 ARG NH1 47 GLU OE2 3.41
36 ARG NH1 47 GLU OE1 4.99
44 LYS NZ 46 GLU OE2 4.67
49 LYS NZ 48 ASP OD2 4.59
58 ARG NH2 60 ASP OD2 2.96
58 ARG NH2 60 ASP OD1 3.75
66 LYS NZ 63 GLU OE1 2.91
66 LYS NZ 67 GLU OE2 3.96
66 LYS NZ 63 GLU OE2 4.00
68 ARG NH2 24 GLU OE1 2.75
68 ARG NH1 71 GLU OE1 2.98
68 ARG NH2 24 GLU OE2 3.66
68 ARG NH1 24 GLU OE1 4.81
68 ARG NH1 24 GLU OE2 4.91
68 ARG NH1 71 GLU OE2 4.96
70 LYS NZ 67 GLU OE1 4.82
70 LYS NZ 67 GLU OE2 4.94
82 ARG NH2 84 ASP OD2 3.18
82 ARG NH2 84 ASP OD1 3.42
82 ARG NH2 59 GLU OE1 4.37
82 ARG NH1 84 ASP OD2 4.65
94 LYS NZ 90 GLU OE2 4.20
94 LYS NZ 90 GLU OE1 4.81
101 LYS NZ 64 GLU OE1 2.53
101 LYS NZ 64 GLU OE2 3.42
TtCutA1
66 LYS NZ 69 GLU OE2 2.68
66 LYS NZ 69 GLU OE1 3.59
70 ARG NH2 25 GLU OE2 3.10
70 ARG NH2 25 GLU OE1 3.78
70 ARG NH1 25 GLU OE1 4.96
92 ARG NH1 96 ASP OD1 4.94
99 ARG NH1 2 GLU OE1 2.57
99 ARG NH2 96 ASP OD1 2.68
99 ARG NH1 2 GLU OE2 3.84
99 ARG NH2 96 ASP OD2 4.74
99 ARG NH2 2 GLU OE1 4.78
99 ARG NH1 96 ASP OD1 4.92
EcCutA1
30 LYS NZ 26 ASP OD1 4.68
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of 102, 103, and 112 residues, respectively. The residue identity
from the secondary structure-based sequence alignment be-
tween PhCutA1 and TtCutA1 is 40% (40/99), and that between
PhCutA1 and EcCutA1 is 38% (37/96). The amino acid com-
positions of the three proteins are quite diﬀerent (Table 1).
The proportion of hydrophobic residues in PhCutA1 (45.1%)
is slightly less than those in TtCutA1 (53.4%) and EcCutA1
(47.3%): there are fewer Ala, Val, and Leu residues in PhCu-
tA1 as compared to the others, but there are more Ile residues.
There are fewer neutral residues in PhCutA1 (8.8%) as com-
pared to those in TtCutA1 (21.4%) and EcCutA1 (25.9%).
On the other hand, the number of ionizable residues (Asp,
Glu, Lys, Arg, and His) in PhCutA1 (43; 42.2%) is consider-
ably greater than those in TtCutA1 (29; 28.2%) and EcCutA1
(25; 22.3%), suggesting the contribution of ion pairs to the
thermo-stabilization of the CutA1 protein from the hyperther-
mophile.
In order to analyze the mechanism of the hyper-thermo-sta-
bilization of PhCutA1, we focused on the crystal structures
1V99 of PhCutA1 and 1NAQ of EcCutA1, which have two
homotrimers in the asymmetric unit of the crystals, and
1V6H of TtCutA1, with a homodimer in that unit. The stabil-
ization factors, such as hydrogen bonds, ion pairs, cavity vol-
umes, and hydrophobic interactions were compared using
crystal structures with similar oligomeric structures. Table 2
show the numbers of hydrogen bonds shorter than 3.3 A˚ and
ion pairs within 5.0 A˚. There are many inter-subunit hydrogen
bonds in TtCutA1 and intra-hydrogen bonds in PhCutA1,
although the mesophilic EcCutA1 has the lowest in both cases.
The numbers of inter-subunit ion pairs in the three proteins are
somewhat comparable, although that of TtCutA1 is the high-
est. However, the numbers of intra-subunit ion pairs in the
thermophiles are considerably higher than that in the meso-
phile. Furthermore, there are many more intra-subunit ion
pairs in PhCutA1, as compared to those in TtCutA1 (Tables
2 and 3). The intra-subunit ion pairs of PhCutA1 consist of
14 donor and 16 acceptor residues, which are almost exposed
to the solvent. Six donor (positively charged) residues
(Arg82-Glu59, His35-Glu50, Arg36-Glu47, Arg68-Glu24,
Arg25-Glu99, and Lys101-Glu64) form ion pairs between
diﬀerent secondary segments in the same subunit, and the
other residues form pairs within the same segment (Fig. 3).
All of the donor residues (Lys19, Lys66, Lys70, and Arg36)
forming inter-subunit ion pairs share intra-subunit ion pairs,
suggesting the formation of inter- and intra-subunit ion-pair
networks. As clearly depicted in Fig. 3 and Table 3, the num-
bers of ion pairs in TtCutA1 and EcCutA1 are drastically low-
er, while in comparison, the surface of PhCutA1 is almost
covered with ion pairs.Table 2
The numbers of hydrogen bond and ion pairs, and the hydrophobic interac
Proteins Hydrogen bonds (<3.3 A˚) Ionic pairs (<5 A˚)
Inter-subunit Intra-subunit Inter-subunit Intra-subuni
PhCutA1 41 102 16 30
TtCutA1 44 90 20 12
EcCutA1 35 87 17 1
DDG represents changes in hydrophobic interactions as compared to EcCu
stability.
aDDG = DG of PhCutA1 or TtCutA1  DG of EcCutA1.Changes in the cavity volume in the interior of a protein af-
fect its conformational stability [25]. Therefore, the cavity vol-
umes of the three proteins were estimated using a probe sphere
with a 1.4 A˚ radius corresponding to that of a water moleculetions of CutA1 proteins from 3 sources
DDGa (kJ/mol) at
subunit interface





A1, obtained from Eq. (1). Positive values of DDG represent higher
Fig. 3. Schematic views of ion pairs within 5.0 A˚ of the three CutA1 proteins. The greenish yellow arrows, the pink spirals, and the black bars
represent b-strands, a-helices, and other segments, respectively. Red and blue circles including a numeral are positive and negative ionizable residues,
respectively, at the indicated position. A blue dotted line represents one ion pair within 5.0 A˚ between positive and negative ionizable residues in the
same subunit A, and the width of the dotted line corresponds to the number of ion pairs. A dotted line without pairs represents ion pairs with other
subunits B or C, as shown by an arrow.
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ity was found because of their small molecular weights. The to-
tal cavity volumes of the trimeric structures were 640, 384, and
793 A˚3 for PhCutA1, TtCutA1, and EcCutA1, respectively.
PhCutA1 had the biggest cavity (545 A˚3) near the center of a
trimer, but the other four cavities were small (total volume
of the four: 95 A˚3). For EcCutA1, twelve cavities were found:
the biggest one was 316 A˚3 and the next largest one was
102 A˚3. These results suggest that TtCutA1 forms tighter inter-
action in the trimer interfaces than the others, followed by
PhCutA1.
The contribution of hydrophobic interactions to the con-
formational stability of a protein has been extensively ana-
lyzed by site-directed mutagenesis studies, which reveal that
hydrophobic residues in the interior of a protein augment
to the conformational stability [26–28]. The contributions of
hydrophobic interactions to the stabilization of subunit inter-
actions at the trimer interface and in the monomeric struc-
tures of the three proteins were estimated from the
structures of the three CutA1 proteins using Eq. (1). Table
2 shows the diﬀerence in the hydrophobic interactions of
the thermophilic proteins as compared to the mesophilic pro-
tein. In the monomeric structure, the DDGHP of PhCutA1
was higher by 49 and 74 kJ mol1 than those of TtCutA1
and EcCutA1, respectively, but the DDGHP value originating
from the hydrophobic interaction at the trimer interface of
PhCutA1 was less than the others. This means that the
monomeric structure of PhCutA1 is considerably stabilized
by hydrophobic interactions, as compared to the other two
proteins, although the hydrophobic contributions at the trimer
interfaces are comparable.
3.3. The mechanism of stabilization of PhCutA1 with a
denaturation temperature of nearly 150 C
This paper experimentally demonstrated that the conforma-
tion of PhCutA1 is maintained near 150 C at pH 7.0. The
denaturation temperature of TtCutA1 was also around
113 C at pH 7.0. These temperatures are higher, by 40–
50 C, than the optimum growth temperatures of P. horikoshii
and T. thermophilus. The stability of EcCutA1 from E. coli
might also be relatively high as compared with its growth tem-perature (37 C), because its trimeric structure is quite similar
to those of the other proteins. We are not able to speculate
whether this abnormal stability, which might be harmful in
terms of its metabolism in the cell, is related to any speciﬁc
divalent metal tolerance, function of the CutA1 protein.
A comparison of the structural characteristics of the three
proteins revealed that (1) PhCutA1 has more ionizable residues
than those of the other two proteins, but it has fewer neutral
residues. (2) The trimeric structures of the three proteins are
similar to each other. The subunit interaction of PhCutA1
does not seem to be stabilized as compared with that of TtCu-
tA1, as judged from the cavity volumes, hydrogen bonds
(<3.3 A˚), ion pairs (<5 A˚) and hydrophobic interactions that
are involved in the subunit interactions. (3) The monomeric
structure of PhCutA1 is more stabilized by hydrogen bonds,
ion pairs, and hydrophobic interactions than the two others.
The number of ion-pairs in PhCutA1 (30) is remarkably great-
er that those of TtCutA1 (12) and EcCutA1 (1). Several ion
pairs of PhCutA1 also function at the subunit interface, sug-
gesting that these ion pairs also contribute to the stabilization
of the trimeric structure by forming ion pair networks. That is,
the increased number of ion pairs and the superior hydropho-
bic interactions of PhCutA1 in the monomeric structure
contribute to the stabilization of the trimeric structure and
play an important role in enhancing the Td, from 113 C for
TtCutA1 to 150 C for PhCutA1.
Perutz and Raidt [1] have early reported that ferredoxins
from thermophiles are stabilized by extra ion pairs between
external polar groups. Haney et al. [12] have shown that the
proteins from thermophilic organisms have an increased num-
ber of charged residues and a reduced number of neutral resi-
dues, from their comparison of the amino acid sequences of
115 proteins from a thermophilic archaeon with their homo-
logs from a related mesophilic species. Many structural studies
of hyperthermophile proteins support the importance of ion
pairs for their thermo-stabilization [29], although electrostatic
interactions among ion pairs on the surface of proteins make
only a small contribution to the stability. Pace [30] has ex-
plained why electrostatic interactions are more important at
higher temperatures. Coulomb’s law of the electric interaction
is in inverse proportion to the dielectric constant. The dielec-
T. Tanaka et al. / FEBS Letters 580 (2006) 4224–4230 4229tric constant of water drops from 80 at 0 C to 55 at 100 C.
This should make electrostatic interactions stronger at higher
temperatures. Recently, it has been demonstrated that de-
signed surface electrostatic interactions contribute to the ther-
mo-stabilization of cold shock protein [31,32]. Generally, for
oligomeric proteins, the number of intersubunit ion pairs in-
creases with the thermostability [1]. However, in the case of
holo-glyceraldehyde-3-phosphate dehydrogenase from the
hyperthermophile, Thermotoga maritima, the increase in intra-
molecular ion pairs with increasing thermostability has been
observed, but there are fewer intermolecular ion pairs, as in
the present case [33].
In conclusion, the thermo-stabilization mechanism of
PhCutA1, which is stable up to 150 C, involves the crucial
contribution of ion pairs to maintain the protein conforma-
tion at extremely high temperatures. This exclusive role of
ion pairs in the extremely high thermostability could be con-
ﬁrmed as several extremely stable proteins from hypertherm-
ophiles, with Tds up to or higher than 150 C, are found in
the near future.
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